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Abstract
Osteoporosis and obesity are two severe complex diseases threatening public health worldwide. Both diseases are under
strong genetic determinants as well as genetically correlated. Aiming to identify pleiotropic genes underlying obesity and
osteoporosis, we performed a bivariate genome-wide association (GWA) meta-analysis of hip bone mineral density (BMD)
and total body fat mass (TBFM) in 12,981 participants from seven samples, and followed by in silico replication in the UK
biobank (UKB) cohort sample (N= 217,822). Combining the results from discovery meta-analysis and replication sample,
we identified one novel locus, 17q21.31 (lead SNP rs12150327, NC_000017.11:g.44956910G > A, discovery bivariate
P= 4.83 × 10−9, replication P= 5.75 × 10−5) at the genome-wide significance level (ɑ= 5.0 × 10−8), which may have
pleiotropic effects to both hip BMD and TBFM. Functional annotations highlighted several candidate genes, including
KIF18B, C1QL1, and PRPF19 that may exert pleiotropic effects to the development of both body mass and bone mass. Our
findings can improve our understanding of the etiology of osteoporosis and obesity, as well as shed light on potential new
therapies.

Introduction

Obesity, which has become a major global public health
problem [1], is associated with an increased risk of type 2
diabetes, hypertension, cardiovascular disease and so on. In
addition, obesity is recognized as the second highest risk
factor for cancer [2], which has become one of the potential
risks of disability and death worldwide. Obesity is injuring
~65% of adults in the US population [3] and incurring a
direct cost of $100 billion per year [4]. Body mass index
(BMI, kg/m2), defined as body weight divided by height
squared, is the mostly used measure of obesity. Though
BMI is widely studied, it is not an ideal phenotype to
measure obesity. However, it is less representative of obe-
sity than body fat mass (BFM), which directly associates to
the adverse effect of obesity. BFM is a highly heritable trait
with heritability estimate of 60% [5].

Osteoporosis, which is characterized by low bone
mineral density (BMD) and bone strength, is a common
metabolic bone disorder. Osteoporosis can lead to increased
risk of fractures, and result in increased morbidity and
mortality [6]. It is estimated that over 200 million people
are suffering from osteoporosis worldwide. Therefore,
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osteoporosis has become an alarming health problem [7].
BMD is the standard predictor of osteoporosis and osteo-
porotic fracture risk. According to the previous study, BMD
is also a highly heritable trait with heritability ranging from
0.5 to 0.8 [8].

Previous studies demonstrated that osteoporosis was
significantly associated with obesity. Osteoblast cells and
adipocyte cells share the same progenitor, bone marrow
mesenchymal stem cells, and can trans-differentiate into
each other [9]. Adipocytes secrete factors important to bone
remodeling, such as estrogen synthesis enzyme, aromatase,
and proinflammatory cytokines [10]. Correlation between
fat mass and BMD was observed [11]. Considering the
complex connection and correlation between osteoporosis
and obesity, pleiotropic genes may exist to influence the
risks of both diseases.

Genome-wide association studies (GWASs) and their meta-
analysis are powerful approaches to identify common variants
associated with complex traits [12–14]. A number of studies
have identified several genomic regions shared by obesity and
osteoporosis [15], providing further support for the existence
of pleiotropic genes for the two diseases. Importantly, identi-
fication of such pleiotropic genes in humans may offer novel
insights into the pathogenic links between obesity and osteo-
porosis. However, loci with pleiotropic effects to both traits are
large unknown.

In the present study, aiming to identify pleiotropic loci
jointly regulating the development of obesity and osteo-
porosis, we performed a bivariate GWAS meta-analysis of
hip BMD and total body fat mass (TBFM) in seven cohorts
and followed by in silico replication in the UK biobank
(UKB) cohort sample.

Materials and methods

Discovery sample

We conducted a GWAS meta-analysis of hip BMD and
TBFM in seven samples from different ancestries. Three
samples were from the in-house studies and the other four
were accessed through the database of genotype and phe-
notype (dbGAP) [16]. All samples were approved by the
respective institutional ethics review boards, and all parti-
cipants provided informed consent before being enrolled
into the study. Details of the samples were described pre-
viously [17, 18]. Briefly, the first sample comprised 1000
unrelated subjects of European ancestry from the Omaha
osteoporosis study (OOS). The second sample comprised
2286 unrelated subjects of European ancestry from the
Kansas City osteoporosis study (KCOS). The third sample
comprised 1627 unrelated subjects of Chinese Han ancestry
from the China osteoporosis study (COS). The other four

samples were accessed through the dbGAP. The fourth
sample was from the Framingham heart study (FHS). The
FHS study is a longitudinal and prospective cohort com-
prising more than 16,000 related participants spanning three
generations of European ancestry [19]. We identified a total
of 5800 genotyped and phenotyped FHS participants for
analysis. Both the fifth and sixth samples were from the
Women’s health initiative (WHI) observational study. The
WHI is a partial factorial randomized and longitudinal
cohort with over 12,000 genotyped women aged 50–79
years, of African–American or Hispanic ancestry [20]. The
sixth sample comprised 850 subjects of African–American
ancestry (WHI-AA), and the sixth sample comprised
446 subjects of Hispanic ancestry (WHI-HIS). The last
sample, Indiana fragility study (IFS), is a cross-sectional
cohort comprising 1493 premenopausal sister pairs of
European ancestry [21]. All samples are population-based
and their detailed description, including ancestry, gender
composition, et al., are shown in Table 1.

Phenotype measurements and modeling

Hip BMD and TBFM were measured by body scan with
DXA bone densitometer (Lunar Corp., Madison, WI, USA
or Hologic Inc., Bedford, MA, USA) in all the seven
samples, following the manufacturer’s protocols. In all
samples, covariates, including gender, age, age squared,
height (in case of TBFM), height squared (in case of
TBFM), and the first five principal components derived
from genome-wide genotype data [22], were screened for
significance with the step-wise linear regression model
implemented in the stepAIC function in R package MASS.
Raw TBFM and BMD were adjusted by significant cov-
ariates, and the residuals were then normalized by inverse
quantiles of standard normal distribution. Normalized resi-
duals were used for subsequent association analysis.

Genotyping and quality control

All GWAS samples were genotyped by high-throughput SNP
genotyping arrays (Affymetrix Inc., Santa Clara, CA, USA; or
Illumina Inc., San Diego, CA, USA within individual sam-
ples), following the manufacturer’s protocols. Quality control
(QC) within each sample was implemented at both individual
and SNP levels. At the individual level, sex compatibility was
checked by imputing sex from X-chromosome genotype data
with PLINK [23]. Individuals of ambiguous imputed sex or of
imputed sex inconsistent with reported sex were removed. At
the SNP level, SNPs violating the Hardy–Weinberg equili-
brium rule (P < 1.0 × 10−5) and those containing a minor
allele frequency (MAF) <0.01 were removed. Population
outliers were monitored by genotype-derived principal com-
ponents, and outliers were removed if present.
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Genotype imputation

GWAS samples were imputed into the 1000 genomes project
phase 3 sequence variants (as of May 2013) (see URLs) [24].
Haplotypes representing 240 individuals of European ances-
try, 244 of East Asian ancestry, 319 of African ancestry, and
170 of admixed American ancestry were downloaded from
the project download site. Haplotypes of bi-allelic variants,
including SNPs and bi-allelic insertions/deletions (INDELs),
were extracted to form reference panels for imputation. As a
QC procedure, variants with zero or one copy of minor alleles
were removed.

Each GWAS sample was imputed by the respective
reference panel with the closest ancestry. Specifically, the
OOS, KCOS, FHS, IFS, and WHI-HIS sample were imputed
by the reference panel with European ancestry; the COS
sample was imputed by the reference panel with East Asian
ancestry and the WHI-AA sample were imputed by the
reference panel with African ancestry.

Prior to imputation, a consistency test of allele frequency
between the GWAS and reference samples was examined
with the chi-square test. To correct for potential mis-
strandedness, GWAS SNPs that failed the consistency test
(P < 1.0 × 10−6) were transformed into the inverse strand.
SNPs that again failed the consistency test were removed
from the GWAS sample. Imputation was implemented with
FISH [25] to predict missing genotypes.

Association test in individual samples

Each GWAS sample was tested for association between
normalized phenotype residuals and genotyped and imputed
genotypes under an additive mode of inheritance. Both
univariate and bivariate association tests were performed in
each individual sample. For unrelated samples, association
was examined by the univariate/bivariate linear regression
model. For the familial samples (FHS and IFS), a uni-
variate/bivariate mixed linear model was used to account
for genetic relatedness within each pedigree [26]. All the
analyses were performed by the in-house program GAP, as
described previously [27].

Ancestry-specific, trans-ancestry, and sex-stratified
meta-analyses

Summary statistics of associations from each GWAS were
combined to perform univariate or bivariate meta-analysis.
Firstly, we conducted the European ancestry-specific meta-
analysis by jointing four European samples (OOS, KCOS,
FHS, and IFS). Then, we combined all the seven samples
and conducted trans-ancestry meta-analysis and sex-
stratified meta-analysis. As a QC procedure, only common
or less common (MAF > 0.01 in the European population)Ta
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and well-imputed (r2 > 0.3 in at least two samples) SNPs
were included for analysis.

Both univariate and bivariate meta-analyses were per-
formed under the fixed-effects model [28]. Briefly, for a
particular SNP, let (β1i, β2i) be the regression coefficients for
the two traits in the ith study (i= 1, …, n, n= 7), and let

Vi ¼ v11 v12
v21 v22

� �
be the corresponding symmetric variance-

covariance matrix for the two regression coefficients. Both
β1i, β2i and Vi are obtained from individual study analysis.
Define the following data structure:

B ¼ ðβ11; β21; β12; β22; :::; β1n; β2nÞ02n�1

X ¼

1 0

0 1

:::

10

01

2
6666664

3
7777775
2n�2

; V ¼

V1

V2

� � �
Vn

2
6664

3
7775
2n�2n

;

where B is the vector of regression coefficient, X is the
design matrix, and V is the variance-covariance matrix for
all studies, respectively.

The generalized least-squared estimator β̂ of overall
regression coefficients is given by

β̂ ¼ ðX0V�1XÞ�1X0V�1B, which has a normal distribu-
tion with mean β and covariance matrix Σ given by

Σ ¼ ðX0V�1XÞ�1

Under the null hypothesis of no association to either
phenotype, that is, β= 0 (for both traits), the score statistic

T12 ¼ β̂
0
Σ�1β̂;

will asymptotically follow a chi-squared distribution with 2
degrees of freedom.

The two univariate test-statisitics are constructed simi-
larly. Specifically,

T1 ¼ β̂
2
1

Σ11
; T2 ¼ β̂

2
2

Σ22
;

where β̂1 and β̂2 are two elements in β̂, and Σ11 and Σ22 are
two diagonal elements in Σ. Under the null hypothesis of no
univariate association, that is, β1= 0 or β2= 0, T1 or T2 will
follow a chi-squared distribution with 1 degree of freedom.

The above meta-analysis model was implemented in an
in-house java program BiMeta.jar, which is provided in
Supplementary File 1. To monitor potential genetic het-
erogeneity, the I2 from the two univariate association results
was reported.

To test for significant difference of identified loci between
men and women, we used a two-sample t-test:

t ¼ βM � βFffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SE2

M þ SE2
F

p

where βM and βF are the β coefficients in men and women,
respectively, and SEM and SEF were the standard errors of
the β coefficients in men and women, respectively [29].

Sensitivity analysis was performed by removing each
study in turn and performing the same meta-analysis in the
remaining samples.

Definition of association locus

We conducted univariate and bivariate GWAS meta-
analyses of hip BMD and TBFM. Genome-wide sig-
nificance (GWS) threshold was set to be 5.0 × 10−8.
An independent locus was defined as a genomic region of
500 kb to either side of the variant showing the strongest
association. A pleiotropic variant is defined based on its
GWS in bivariate analysis and nominal significance
(P < 0.05) in both univariate analyses.

Cis-expression quantitative trait loci (cis-eQTL)
analysis

To investigate the association between the identified SNP
and their nearby gene expressions, we performed cis-
eQTL analysis. Cis-eQTL information is available for
over 50 tissues from the Qtlizer (see URLs), we explored
three tissues linked to our traits, including subcutaneous
adipose, osteoblasts, and whole blood. We analyzed
all lead SNPs and their proxies with strong LD pattern
(r2 > 0.8) for their cis-eQTL activity. Briefly, the cis-
eQTL was defined as an SNP within 100 kb upstream
and downstream of a gene [30]. Using a Bonferroni
correction, we set the significance threshold, α, to be 0.05/
Ntissue/NSNP.

In silico replication

We further replicated the significant SNPs identified in the
discovery sample in the UKB sample [31]. In brief, the
UKB sample is a large prospective cohort study of
~500,000 participants from across the United Kingdom,
aged between 40 and 69 at recruitment. Ethics approval for
the UKB study was obtained from the North West Centre
for Research Ethics Committee (11/NW/0382), and
informed consent was obtained from all participants. This
study used the data requested under the UKB application
number 41542, which was covered by the general ethical
approval for the UKB study.
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Genome-wide genotypes for all subjects were available
at 784,256 genotyped autosome markers, and were imputed
into UK10K haplotype, 1000 Genomes project phase 3 and
Haplotype Reference Consortium reference panels. Subjects
who were genotyped but not imputed or who withdraw their
consents were removed. All the included subjects are those
who were genetically determined as white.

Heel BMD (data field 3148) as evaluated by quantitative
ultrasound speed of sound and broadband ultrasound
attenuation was used for replicating hip BMD because of
the large number of phenotyped subjects and moderately
correlated with hip BMD (r= 0.52) [32]. TBFM (data field
23100) as evaluated by the bioelectrical impedance analysis
was used. Phenotype modeling for both BMD and BFM
was similar to that in the discovery samples, with the
exception that both phenotypes were mandatorily adjusted
by the top 10 principal components, to adjust for potential
population structures. Association was again examined by
the univariate/bivariate linear regression model.

Functional annotation

We annotated the functional relevance of the identified SNPs
(bivariate P < 5 × 10−8) with HaploReg v4.1 (see URLs) [33].
HaploReg annotates SNPs into different functional categories
according to the information from a variety of large experi-
ment projects. These categories include conservation sites,
DNase hypersensitivity region, transcription factor binding
sites, promoter, enhancer, and others. We annotated lead
SNPs and their proxies with strong LD pattern (r2 > 0.8).

For candidate genes, we annotated them by constructing
gene interaction networks with STRING (see URLs) [34].
STRING uses information based on gene co-expression,
text-mining, and others, to construct gene–gene interaction
networks.

Results

European ancestry-specific GWAS meta-analysis

A total of 10,070 participants from four samples were
included in the European ancestry-specific GWAS meta-
analysis. After QC, a total of 2,374,420 SNPs were
included in the meta-analysis. We identified 50 variants
at the GWS level, mapping to 18 independent loci (Sup-
plementary Table 1).

Trans-ancestry GWAS meta-analysis

A total of 12,981 participants from seven samples were
included in this meta-analysis. Basic characteristics of the
discovery samples are listed in Table 1. Sixty-seven percent

of the participants are women. The significant covariates for
each sample are shown in Supplementary Table 2.

The Manhattan plot of the GWAS meta-analyses is dis-
played in Fig. 1. In the univariate GWAS meta-analysis of hip
BMD, 99 variants were identified at the GWS level, mapping
to eight distinct loci: 2q34 (lead SNP rs1429891, NC_000002.
12:g.208510208C >A, P= 5.03 × 10−9), 4p16.3 (rs3755955,
NC_000004.12:g.1000625G >A, P= 3.89 × 10−9), 6q25.1
(rs10656721, NC_000006.12:g.151691712_151691713ins
TT, P= 1.97 × 10−9), 7q31.31 (rs58981560, NC_000007.14:
g.121382563_121382567del, P= 1.96 × 10−8), 7q21.3
(rs1917486, NC_000007.14:g.96612291C > T, P= 4.72 ×
10−8), 8q21.3 (rs536316182, NC_000008.11:g.87846458T >
C, P= 1.87 × 10−11), 8q24.12 (rs4876868, NC_000008.11:
g.118914750A >G, P= 1.21 × 10−10) and 16q24.1
(rs71390846, NC_000016.10:g.86681109G >C, P= 2.66 ×
10−8). Six of the eight loci (4p16.3, 6q25.1, 7q31.31, 7q21.3,
8q24.12, and 16q24.1) are reported to be associated with
BMD in previous studies (LD r2 > 0.5 at same region). The
remaining two loci, 2q34 and 8q21.3, are novel associated loci
for hip BMD.

In the univariate analysis of TBFM, six variants from the
three distinct loci are significant at the GWS level: 1p32.2
(lead SNP rs10789019, NC_000001.11:g.56332765G >A,
P= 3.80 × 10−8), 1q31.1 (rs12090181, NC_000001.11:
g.190710852T >A, P= 4.49 × 10−8), and 16q12.2
(rs56137030, NC_000016.10:g.53791993G >A, P= 4.72 ×
10−8). Although these loci have not been reported to be
associated with BFM, two of them, 1q31.1 and 16q12.2, were
reported to be associated with BMI, implying that they are
known obesity risk variants. The remaining locus at 1p32.2
locus has not been reported to be associated with either BMI
or BFM traits. The results of univariate GWAS is shown in
Supplementary Tables 3 and 4.

In the bivariate GWAS analysis, three of the above 11
(8+ 3) loci (2q34, 6q25.1, and 8q21.3) remain significant at
the GWS level. Among them, the lead SNPs at 2q34 and
8q21.3 are identical in both bivariate and univariate analyses.

Fig. 1 Manhattan plot. GWAS −log10 P values are plotted for all
SNPs across chromosomes 1–22. Dotted line denotes genome-wide
significance level (GWS, 5.0 × 10−8). The red dots denote the variants
reaching at GWS level in bivariate GWAS analysis, the blue dots
denote the variants reaching at GWS level in univariate GWAS ana-
lysis of hip BMD and the green dots denote the variants of TBFM.
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Interestingly, the lead SNP rs35883965 at 6q25.1 (P= 9.39 ×
10−9) is independent of the lead SNP rs10656721 identified in
the univariate analysis of hip BMD (LD r2= 0.006).

In addition to the above three loci, the bivariate analysis
also identified 11 loci at the GWS level that are not identified
in either univariate analysis: 3q22.1 (rs1389271, NC_000003.
12:g.131066262G >T, bivariate P= 1.03 × 10−9), 4q28.2
(rs12512163, NC_000004.12:g.129257175G>A, P= 5.84 ×
10−9), 8q21.3 (rs536316182, P= 5.62 × 10−12), 10p15.1
(rs2892347, NC_000010.11:g.6796887G >T, P= 3.43 ×
10−10), 10q23.1 (rs7907900, NC_000010.11:g.85607638C >
T, P= 1.90 × 10−8), 13q21.31 (rs11840815, NC_000013.11:
g.63534155C >A, P= 6.63 × 10−10), 14q32.33 (rs72714919,
NC_000014.9:g.104040120G >A, P= 3.12 × 10−9), 15q26.2
(rs10520797, NC_000015.10:g.95647253G>A, P= 1.43 ×
10−8), 17q12 (rs2158239, NC_000017.11:g.37448456T >G,
P= 1.66 × 10−10), 17q21.31 (rs12150327, NC_000017.11:
g.44956910G>A, P= 4.83 × 10−9), 17q21.32 (rs7406170,
NC_000017.11:g.48583715G >C, P= 2.19 × 10−8), and
18p12.21 (rs78202598, NC_000018.10:g.13852512G>A,
P= 9.92 × 10−9).

In summary, we identified 14 loci in the bivariate meta-
analysis. All of the 14 lead SNPs are nominally significant
(P < 0.05) in both univariate analyses, implying their
potential pleiotropic effect. The results of bivariate GWAS
is listed in Supplementary Table 5.

Among the 14 loci, 6q25.1 has been reported to be
associated with BMD [35], and 17q21.32 was reported to be
associated with obesity-related traits [36]. The remaining 12
loci have not been reported for either BMD or obesity traits.

Sex-stratified meta-analyses

A higher hip BMD and lower TBFM were observed in males
for all the four discovery samples (Table 1). We tested
whether the 14 pleiotropy lead SNPs identified in the dis-
covery samples showed sex-specific difference (Supplemen-
tary Table 6). One SNPs (rs12150327) showed significant
gender differences on hip BMD, and three SNPs (rs1389281,
rs12512163, and rs78202598) showed significant gender
difference on TBFM, indicating these loci are risk only in
women/men (Supplementary Table 6).

Follow-up analyses for the 14 loci

For all of the 14 identified lead variants, we performed cis-
eQTL analysis in subcutaneous adipose tissue, osteoblast
tissue, and whole blood of the GTEx project datasets.
Potential candidate genes identified in this analysis included
GRN (Granulin Precursor), CCDC170 (Coiled-Coil Domain
Containing 170), PLCD3 (Phospholipase C Delta 3), and
HOXB2 (Homeobox B2). SNP rs12150327 was the eQTL
for both GRN and PLCD3 genes, but the association for

GRN is much stronger. The results of cis-eQTL analysis is
listed in Supplementary Table 7.

The 14 identified loci were divided into two groups
according to their effect direction on both traits: one group
containing eight lead SNPs whose effect directions were
consistent to both traits, and the other group containing six
lead SNPs whose effect directions were opposite. The con-
nection of nearby genes to both traits at these loci was eval-
uated. Gene was assigned to a locus if the lead SNP is located
within the primary transcript, 35 kb upstream or 10 kb down-
stream of the gene. Protein–protein interaction networks and
functional enrichment analysis were performed on the assigned
genes using STRING and PathCards (see URLs). A total of 15
and 5 genes were divided into the consistent group and the
opposite group, respectively (Supplementary Table 8). Some
genes may have functional relevance to both bone and adip-
osity development. For example, HOXB4 gene at 17q21.32
participates in enbryonic skeletal system morphogenesis. In a
microarray-based gene expression analysis, its expression was
lower in osteoarthritis patients than in normal controls [37]. In
addition, HOXB4 is also an adipocyte regulator which was
upregulated at day 11 of adipocyte development [38].

We have also explored the association of the identified
loci with six anthropometric traits (including BMI, height,
weight, waist circumstance, hip circumstance, and waist hip
rate (WHR)) and five bone-related disease traits (including
bone disorder, osteoarthritis, osteomyelitis, osteoporosis,
and osteopenia) with Gene ATLAS (see URLs), as listed in
Supplementary Table 9. At the stringent significance level
accounting for multiple testing (α= 0.05/14/11= 3.25 ×
10−4), three SNPs (rs35883965, rs11840815, and
rs12150327) were associated with at least one trait. Inter-
estingly, we found that rs12150327 was significantly asso-
ciated with up to four obesity traits (weight, waist
circumstance, hip circumstance, and WHR), strengthening
the confidence toward its role in body fat development.

In silico replication in the UKB sample

The 14 loci identified in the discovery sample were sub-
jected to replication in the UKB sample. The lead SNPs
rs35883965 at 6q25.1 and rs151106622 (NC_000008.11:
g.87914965A > G) at 8q21.3 were not found in the imputed
UKB genotypes and were replaced by the second lead SNP
rs4869744 (NC_000006.12:g.151586877T > C, bivariate
P= 9.54 × 10−9, LD r2= 0.99) and rs151106622 (bivariate
P= 1.42 × 10−8, LD r2= 0.20), respectively. One other
lead SNP rs11840815 at 13q12.31 was not available nor
there was suitable proxy SNP in this region, therefore could
not be replicated.

The detailed in silico replication results are listed in
Supplementary Table 10. In the univariate analysis, five
SNPs (rs35883965, rs2158239, rs12150327, rs7406170,
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and rs78202598) are nominally significant (P < 0.05) for
BMD, and one SNP rs12150327 is significant for TBFM
(P= 1.04 × 10−4). In the bivariate analysis, two SNPs
rs35883965 and rs12150327 are nominally significant.
While rs12150327 is nominally significant in both uni-
variate analyses, rs35883965 is significant only for BMD.

Taken together, one SNP rs12150327 is successfully
replicated for its pleiotropic effect to both BMD and BFM
traits. The main results for rs12150327 is listed in Table 2.

Sensitivity analysis

rs12150327 is significant in the KCOS sample (P= 1.18 ×
10−11), but is not significant in any of the other samples.
Therefore, we performed a sensitivity analysis by excluding
KCOS sample and recalculating the pooled effect size.
Results shows the association become nonsignificant (P=
0.963) after excluding the KCOS, indicating that the asso-
ciation is only existence in KCOS sample.

Functional annotation

We annotated the replicated lead variant rs12150327 and its
neighboring SNPs (LD r2 > 0.8) through HaploReg.
rs12150327 is an expression quantitative trait locus (eQTL)
site associated with the target genes CCDC130, FAM187A
(Family With Sequence Similarity 187 Member A), DBF4B
(DBF4 Zinc Finger B), DCAKD (Dephospho-CoA Kinase
Domain Containing), and EFTUD2 (Elongation Factor Tu
GTP Binding Domain Containing 2) [39, 40]. It is predicted to
have enhancer activity by chromatin states, H3K4me1 and
H3K27ac marks. It also has promoter activity suggested by
H3K4me3 and H3K9ac markers. All of its ten neighboring

SNPs are eQTL sites associated with different genes and all
have promoter activity and enhancer activity by different
histone marks. Among them, rs75726889 (NC_000017.11:
g.44970863G >A, 1.4 kb apart, r2= 1.0) has promoter activ-
ity and enhancer activity in adipose cells and osteoblast cells.

Newly identified locus 17q21.31 and relevant genes

rs12150327 at 17q21.31 is a common (MAF= 0.07 in
European population) and imputed SNP with high imputa-
tion certainty (r2 > 0.9 in discovery samples). Allele G at
this SNP is associated with increased hip BMD (meta-
analysis β= 0.07) and decreased TBFM (β=−0.06). A
regional plot of rs12150327 is displayed in Fig. 2. It is

Table 2 Main association results
of rs12150327 allele G in
studied samples.

Analysis Samples Hip BMD TBFM Bivariate N

beta (se) P beta (se) P P

GWAS meta-analysis

OOS −0.08 (0.08) 0.30 0.05 (0.08) 0.55 0.37 981

KCOS 0.09 (0.02) 3.91 × 10−5 −0.09 (0.02) 5.33 × 10−5 1.18× 10−11 2220

FHS 0.03 (0.04) 0.47 −0.03 (0.04) 0.39 0.54 5800

IFS 0.01 (0.08) 0.91 0.05 (0.07) 0.47 0.77 1069

WHI-AA 0.04 (0.08) 0.63 −0.05 (0.08) 0.57 0.63 843

WHI-HIS −0.01 (0.10) 0.59 0.16 (0.10) 0.91 0.22 445

meta 0.07 (0.02) 1.31 × 10−4 −0.06 (0.02) 5.19 × 10−4 4.83× 10−09 11,358

In silico replication

UKB 0.02 (0.003) 5.10 × 10−5 −0.02 (0.004) 1.04 × 10−4 1.41 × 10−4 217,822

The variants rs12150327 was not imputed in China osteoporosis study; P values reaching the GWS level
(P < 5 × 10−8) were marked in bold.

Beta regression coefficient, SE standard error of beta, N sample size after quality control, OOS Omaha
osteoporosis study, KCOS Kansas City osteoporosis study, FHS Framingham Heart Study, WHI-HIS,
Women’s health initiative of Hispanic ancestry, WHI-AA Women’s health initiative of African–American
ancestry, IFS Indiana fragility study, UKB UK Biobank.

Fig. 2 Regional plot of rs12150327. X-axis represents the region of
500 kb on either side of rs12150327 and the genes exist in this region.
Y-axis represents −log10 P value. C1QL1 gene and KIF18B gene are
may be the effect gene contribute to bone or fat. The figure was plotted
by Locuszoom.
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located between the 5′- of KIF18B (Kinesin Family Mem-
ber 18B, 9.2 kb) gene and 3′- of C1QL1 (Complement C1q
Like 1, 2.8 kb) gene region. Hence, we explored the func-
tional relevance of KIF18B, C1QL1, and the other five
eQTL target genes (CCDC103, FAM187A, DBF4B,
DCAKD, and EFTUD2) by STRING. The protein–protein
interaction network identified dozens of genes that are
connected at least one of the seven target genes. Among
them are those playing regulatory role in either bone or fat
development, such as KIF18B, DBF4B, and EFTUD2
(Fig. 3). Besides, the RACGAP1 (Rac GTPase-activating
protein 1) gene is a predicted functional partner of KIF18B,
which may contribute to obesity by participating in the
regulation of growth-related processes in adipocytes and
myoblasts [41]. The PRPF19 (Pre-MRNA Processing
Factor 19) gene is a common predicted functional partner of
DBF4B and EFTUD2. It participates in the biogenesis of
lipid droplets, which may play a role in lipid metabolism
and storage [42].

Discussion

In the present study, we have performed a bivariate GWAS
meta-analysis of hip BMD and TBFM in seven samples to
identify the pleiotropy genes which joint regulate the
development of obesity and osteoporosis. The significant
association signals identified in the discovery sample were
further replicated in the UKB sample. Combining the results
from discovery and replication samples, one novel locus
17q21.31 was identified to exert pleiotropic effects to both
BMD and TBFM.

Many studies have demonstrated the association between
17q21.31 and different traits, such as Alzheimer’s disease
[43], breast carcinoma [44], multiple sclerosis [45], and so
on, suggesting a complex etiology in this region. Other
variants in this region were also reported to be associated
with BMD (rs12326005, NC_000017.11:g.45010860G >A,
rs4436817, NC_000017.11:g.45014355C > A, rs8071429,
NC_000017.11:g.45051538T > A, and rs111443054,

Fig. 3 Gene–gene interaction network for KIF18B, DBF4B, and
EFTUD2. The figure was plotted by STRING. a RACGAP1 gene is a
predicted functional partner of KIF18B, which may have possible
mechanism contributing to obesity; b PRPF19 gene is a common

predicted functional partner of DBF4B and EFTUD2, which may have
possible mechanism contributing to obesity. The key genes were
marked in black boxes.
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NC_000017.11:g.45411797_45411798AC [7]) [14, 36, 46].
However, those lead SNPs are in weak LD (r2 < 0.1) with
the one identified in this study.

rs12150327 is located between the KIF18B gene and
C1QL1 gene. There is no known role for KIF18B in either
bone or fat development. However, one of its predicted
functional partners, RACGAP1, is involved in the regulation
of growth-related processes in adipocytes and myoblasts.
C1QL1 is a Complement 1q (C1q)-related factor. It may
regulate the number of excitatory synapses that are formed
on hippocampus neurons. C1q plays a key role in activating
the classical pathway by recognizing immune complexes
[47]. Osteoclasts can produce complement C1Q, which in
turn significantly increase the expression of osteoclast genes
[48]. Moreover, the absence of C1q/TNF-related protein 9
(CTRP9) can increase food intake in mice, due in part to the
upregulated expression of hypothalamic orexigenic neuro-
peptides. Mice lacking CTRP9 were obese and gained sig-
nificant weight when fed standard laboratory foods [49].
rs12150327 is also an eQTL variant associated with five
different target genes [39, 40]. With STRING, we found
that the PRPF19 gene, which is a common predicted
functional partner of DBF4B and EFTUD2 gene, may play
a role in the biogenesis of lipid droplets. These functional
evidences, together with the significant association signals,
may suggest the potential etiology of KIF18B gene, C1QL1
gene, and PRPF19 gene in the bone and fat-related biology.

The relationship between obesity and osteoporosis is far
more complex than a simple positive or negative correlation
[9, 10]. On the one hand, higher body weight exerts a
pressure on the bones which increases BMD, which is why
obesity was for a long time considered a protective factor
against osteoporosis. On the other hand, bone and fat cells
share their progenitor, and studies have shown that obesity
may negatively affect bone health by the infiltration of
adipocytes in the bones. Therefore, we suspect that due to
different mechanisms, these pleiotropic loci have opposing
effects on BMD and BFM. In this study, we divided the 14
loci into two groups according to their effect direction on
both traits, and explored the possible mechanisms of these
loci and BMD and BFM, respectively. In the consistent
group, we found some functional genes such as HOXB4 that
together increase or decrease BMD and BFM, which may
support the standpoint that higher body weight exerts a
pressure on the bones to increase BMD. However, we did
not find any possible mechanisms for the opposite con-
tribution to BMD and BFM in opposite group, although the
contribution of these genes to a trait were found. TADA2A
gene is a prospective regulator of de novo hepatic lipo-
genesis in chicken [50]. In addition, TADA2A gene parti-
cipates in the HATs acetylate histones pathway, and KAT2A
and KAT2B genes participate in this pathway too with close
relationship to TADA2A. Both KAT2A and KAT2B are

required for growth and differentiation of craniofacial car-
tilage and bone in both zebrafish and mice [51].

Traditional GWAS analysis focuses on the exploration of
possible genetic risk loci regulating a single trait, which
may lose some valuable information, such as pleiotropic
genetic loci. Therefore, we carried out a bivariate GWAS
analysis, and expanded the sample size through meta-ana-
lysis, so that the statistics power is greatly improved. In
addition, BMI is not an idea phenotype for obesity because
weight is made up of various body components, including
BFM, lean mass, bone mass, and other soft tissues. BFM is
the only component that reflects obesity. We used TBFM as
a phenotypic trait for obesity rather than BMI, which can
strongly explain the association between probable locus and
obesity. Moreover, we adopted UKB sample, the current
largest research sample, as replication sample, which can
significantly improve the reliability of our results. The
genetic correlation between heel BMD and hip BMD is
reported to be 0.52 [32]. BMD at different skeletal sites
share common genetic determinants [52]. Therefore, heel
BMD could partially replicate the findings identified in
other skeletal sites including hip.

However, there are still some limitations in this study.
Firstly, in the discovery stage, the identified SNP
rs12150327 is significant only in KCOS sample. The var-
iant become not significant after removing KCOS sample,
although the heterogeneity effect was not significant in both
univariate meta-analyses (I2= 29.55 and 11.22 for hip
BMD and TBFM, respectively), which indicating that the
variant has pleiotropy effect only in some population rather
than the entire European ancestry or all human races.
Secondly, due to meta-analysis combines samples from
different ethnics, it is difficult to explain the population
specificity of the associated loci. The purpose of including
cross-ethnic samples is to maximize the statistical power of
association test, under the assumption that the phenotypic
traits of different ethnic groups may have a common
genetic basis.

In conclusion, by performing a bivariate GWAS meta-
analysis and in silico replication in the large-scale UKB
sample, we identified one novel pleiotropy locus at 17q21.31
for hip BMD and TBFM. Our findings can provide insights
into genetic pleiotropy underlying osteoporosis and obesity,
and can improve our understanding of the etiology of bone
and fat development, and shed light on potential new
therapies.

Data availability

The GWAS summary statistics were deposited in the
GWAS catalog: (ftp://ftp-private.ebi.ac.uk/SummarySta
tsUploads/XintongWei_prePMID/); The 1KG phase 3
reference panel can be download at: (ftp://ftp.1000genomes.
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ebi.ac.uk/vol1/ftp/release/20130502/). Online tools: Qtlizer:
(http://genehopper.de/qtlizer); HaploReg v4.1: (http://pubs.
broadinstitute.org/mammals/haploreg/haploreg.php);
STRING: (https://string-db.org/); Gene Atlas: (http://genea
tlas.roslin.ed.ac.uk/); PathCards: (https://pathcards.geneca
rds.org/).
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